study question: Do children born to fathers of advanced age have an increased risk of dying before the age of 5 years? summaryanswer: Children born to fathers aged 40 years or more have an increased risk of dying in early childhood due to an excess risk of fatal congenital anomalies, malignancies and external causes.
Introduction
The association between advanced paternal age and adverse health in the offspring was suggested as early as 1955 by the British scientist Penrose (Penrose, 1955) . In recent years, also long-term health problems, such as schizophrenia, autism, Alzheimer's disease, some cancers and some chromosomal diseases has been linked to advanced paternal age (Zhang et al., 1999; Byrne et al., 2003; Kuhnert and Nieschlag, 2004; Sipos et al., 2004; Yip et al., 2006; De and Morris, 2010; Hultman et al., 2011; Miller et al., 2011; Kong et al., 2012) . This is possibly due to specific point mutations, a condition known to increase in the sperm with increasing paternal age (Crow, 2003; Kong et al., 2012) .
So far, society has responded to an increasing maternal age by offering screening in pregnancy and restrictions in access to fertility treatment in the public sector for women above the age of 40 years, but no such precautions have been taken with respect to pregnancies fathered by men of advanced age.
Because paternal age in the industrialized countries is increasing and the possible adverse health consequences for the offspring have been underexplored, we found it relevant to investigate the association between advanced paternal age and child mortality. We have found an increased risk of fetal death in pregnancies fathered by men aged 50 years or more (Nybo . In contrast to this, a study from 2008 found no association between advanced paternal age and adverse birth outcomes including neonatal mortality and post-neonatal mortality (Chen et al., 2008) .
The aim of this study was to investigate the association between advanced paternal age and all-cause mortality in the first 5 years of life, using population-covering data with complete follow-up and, subsequently, to demonstrate if any specific causes of death particularly account for such an association.
Materials and Methods

Study population
Since all Danish citizens are given a unique civil registry number at birth, which is used to identify the individuals in all official registries, linkage of information from official registries is possible and simple. This register linkage study used data from Statistics Denmark including the Civil Registration System, the Integrated Database for Labour Market Research (IDA), the Medical Birth Registry and the Registry of Causes of Death. Parental educational levels were obtained from IDA, whereas identity of the parents, the ages of parents, maternal parity and year of birth came from the Medical Birth Registry. The main cause of death was obtained from the Registry of Causes of Death.
The cohort consisted of all children born alive in Denmark from 1 January 1978 to 31 December 2004. A total of 1 669 302 children were born alive in the time period. Identification of the age of the father was not possible for 1.4% of the children (n ¼ 23 829), whereas the registration of the age of the mother was complete. A total of 3.1% (n ¼ 51 052) and 1.2% (n ¼ 18 900) of the children were missing information on maternal-and paternal education, respectively. None of the children were lacking information about maternal parity or year of birth. Children with missing information on paternal age or any of the covariates were excluded from the cohort, and consequently 1 575 521 (94.4%) live born children with full information on the included variables constituted the study population.
Exposure and outcome
Paternal age at the time of birth was the main exposure of the study and was examined continuously as well as categorized into six age groups (,25, 25 -29, 30 -34, 35 -39, 40 -44, 45+ years) .
The primary outcome measure of interest was all-cause mortality before the age of 5 years. Information on survival and possible death was traced until 31 December 2009 for the total cohort.
The second outcome measure of interest was causes of death. Causespecific mortality was classified according to the main groups in the International Classification of Disease (ICD) 8 and 10 for the children who died before and after 1 January 1994, respectively.
The relative risks (hazard ratios: HR) of dying from specific congenital malformations were furthermore estimated for the following categories: malformations of the nervous system, circulatory system, respiratory system, digestive system, urinary system, musculoskeletal system and congenital malformation syndromes (primarily affecting the musculoskeletal system). Due to limitations in classification codes and coverage of congenital malformation syndromes with ICD-8, analysis in this subgroup was performed only for children born after 31 December 1993.
Covariates
The following covariates were included in the study: maternal age, maternal and paternal educational level, maternal parity and the child's year of birth. Maternal age was categorized into five groups : ,25, 25 -29, 30 -34, 35 -39, 40+ years, and in a sensitivity analysis maternal age was furthermore examined in 1-year categories. Maternal and paternal educational level, defined by the International Standard Classification of Education and indicating the highest attained level, was divided into four groups (long-cycle higher education, short/medium-cycle higher education, vocational education and upper secondary school, and basic school). Maternal parity was coded as a three-category variable (1, 2, ≥3) and year of birth was included as a continuous variable.
Statistical analyses
We used Cox proportional-hazards regression model to estimate the HR for under-five mortality. Potential confounding was taken into account by including the a priori selected covariates in the analyses: maternal age and parity, parental educational attainment and the child's year of birth. The age of the child (in days) was used as the underlying time. The children entered the cohort the day they were born and were followed until 31 December 2009. The children were censored on date of turning 5 years, date of death or date of emigration, whichever occurred first.
Initially, we examined the HR of under-five all-cause mortality according to paternal age as a continuous variable, which we modeled using restricted cubic splines (RCS) functions to allow for a nonlinear association (Schmidt et al., 2013) . RCS are piecewise functions where the 'pieces' are third degree polynomials defined over adjacent intervals, allowing changes to the fitted effect model at certain a priori defined points (knot-points). This allows for a smooth transition between intervals, due to continuity and slope constraints at the knots. The RCS approach restricts polynomials to be linear in the tails (Greenland, 1995) .
The results of this initial analysis were presented as a graphical characterization of the association with 95% confidence intervals (CI) (Fig. 1 ), using the mean paternal age (31 years) as the reference. In order to make the proportion of fathers contributing to the analysis in each age group visible, we overlaid the figure with a histogram for the distribution of paternal age in our population.
Secondly, we examined the risk, estimated as HR, according to paternal age group, using the largest group as the reference group (fathers aged 30 -34 years). The examination of all-cause mortality was furthermore performed for infant (,1 year) and 1 -5 years mortality, separately. Thirdly, we examined the corresponding association between paternal age group and 10 categories of cause-specific mortality. Finally, using the same entry and exit criteria, we examined specific causes of death within the category of congenital malformations.
To express the excess absolute risk associated with paternal age, we calculated the Number Needed to Harm (NNH) related to paternal age for the strongest association observed in the analyses. The NNH was calculated for children with the following covariate values: first born-children born 2000 -2004 with mothers aged 25-29 years, where both parents have vocational education or upper secondary school level. We calculated the risk difference as the baseline hazard at age 5 years minus the baseline hazard at age 5 years raised to the power of exp (b age:45+ ), where exp (b age:45+ ) is the HR of death from age 1 -5 years for children of fathers aged 45+ years compared with fathers aged 30-34 years.
Ethical approval
The use of the data was approved by the Danish Data Protection Agency.
Results
The paternal age distribution for all the children in the study is shown in Table I together with the distribution of selected characteristics of the mothers and the fathers according to paternal age group. As expected, a high correlation was found between the ages of the parents. An expected association between age and educational level, age and maternal parity, and age and year of birth, respectively, was also observed. During the study period a total of 10 855 children died before turning 5 years of age. Of these, the majority (8873) died before the age of 1 year (Table II) .
All-cause mortality
The HR of under-five mortality according to paternal age is shown in two representations. Figure 1 shows the shape of the paternal age-related risk relation with 95% CI and Table III shows the HR according to paternal age group.
As shown in Table III , the overall risks of under-five mortality were similar in all paternal age groups below the age of 40 years. Compared with children born to fathers aged 30 -34 years, children born to fathers aged 40 -44 and 45 years or above, respectively, had a slightly increased statistically significant risk of dying before reaching the age of 5 years [HR: 1.10 (95% CI: 1.00 -1.21), HR: 1.16 (95% CI: 1.02 -1.32)]. A Wald test confirmed a statistically significant overall effect of paternal age (P ¼ 0.047); however, the test for trend did not reach statistical significance (P ¼ 0.210). In this model, advanced maternal age was not associated with an increased risk of under-five mortality (results not shown).
To investigate whether the excess risk was apparent in infants as well as in older children, the outcome variable was examined in two age groups: infant deaths (,1 year) and deaths at the age of 1-5 years (Table III) . In the first year of life the HR of death was 1.06 (95% CI: 0.92 -1.24) when the father was 45 years or above compared with children with a father aged 30-34 years. In contrast, the 1-5 year olds with fathers aged 45 years or more had a HR of 1.65 (95% CI: 1.24 -2.18). The HR of 1.65 can also be expressed as NNH. For children with covariate values in the reference categories of all the covariates (first-born children born 2000-2004 with maternal age 25 -29 years, where both parents have vocational education or upper secondary school level), we estimated that on average one extra death between age 1 and 5 years would occur for every 2285 fathers who were aged 45+ years instead of 30 -34 years.
In the first year of life, young paternal age (,25 years) was not associated with an excess risk of mortality; however, an elevated risk was seen among 1-5-year-old children born to fathers aged ,25 years [HR: 1.20 (95% CI: 1.02-1.42)], compared with the reference group.
Cause-specific mortality
We furthermore analyzed the paternal age-related risk of cause-specific mortality as defined in Table II . Of the 10 groups of death causes, death from congenital malformations, malignancies and external causes were associated with advanced paternal age, though not all statistically significant. The results are shown in Table IV . For children born to fathers aged 40 -44 and 45+ years, the HR of dying from congenital malformations was 1.19 in both age groups (95% CI: 1.02-1.40, 95% CI: 0.94 -1.50, respectively) compared with the reference group. The HR of dying from malignancies was 1.26 (95% CI: 0.76 -2.07) for children born to fathers aged 40 -44 years and 1.51 (95% CI: 0.76-2.99) in the oldest paternal age group (45+ years). In these two death cause subgroups, the risk revealed a rising tendency with the lowest risk among the youngest fathers (,25 years) and the highest risk among the oldest fathers (45+ years); however, a test for a linear trend did not reach statistical significance. The HR of death due to external causes was 1.25 (95% CI: 0.85-1.84) among children born to fathers aged 40 -44 years and 1.48 (95% CI: 0.87 -2.53) in the oldest age group (45+ years), compared with the reference group. In this death cause group an excess risk was also seen among children born to fathers in the youngest age group (,25 years) [HR: 1.53 (95% CI: 1.15-2.02)].
As the association between advanced paternal age and child mortality was most evident among children who died at the age of 1-5 years, we conducted the cause-specific analyses for this age group separately (data No association between advanced paternal age and malignancies was seen among infant deaths (,1 year), and no substantial differences were seen between the estimates for infant deaths and deaths between 1 and 5 years of age in the subgroup of congenital malformations and external causes (data not shown).
In the subgroup of unknown causes including Sudden Infant Death Syndrome (SIDS) statistically significant elevated risks were seen in the paternal age groups of 35 -39 years [HR: 1.20 (95% CI: 1.01-1.43)] and 40-44 years [HR: 1.38 (95% CI: 1.06 -1.80)]; however, no significant association was seen for the oldest paternal age group (.45 years) (results not shown). No clear patterns of association were found between advanced paternal age and the other causes of under-five mortality (results not shown).
Death from specific congenital malformations
We further investigated the association between advanced paternal age and death from specific congenital malformations (data not shown). These analyses showed that children with a father aged 40 -44 and 45+ years, respectively, had an excess risk of dying from congenital malformations in the respiratory system [HR: 2.08 (95% CI: 0.92-4.68), HR: 1.88 (95% CI: 0.56 -6.38)] and an excess risk of dying from congenital malformations in the musculoskeletal system [HR: 1.54 (95% CI: 0.93 -2.56), HR: 1.72 (0.86-3.46)] compared with children with a father aged 30 -34 years. Also, an elevated risk of dying from congenital malformation syndromes was seen among children born to fathers aged 40 -44 and 45+ years, respectively [HR: 2.00 (95% CI: 0.66 -6.04), HR: 1.86 (95% CI: 0.38 -9.04)]. No association was found in the other categories of congenital malformations.
Discussion
In the present study we found that advanced paternal age (.40 years) at the time of birth of the offspring was associated with an increased risk of Advanced paternal age and under-five mortality the child dying before the age of 5 years, especially so for children dying between 1 and 5 years of age. Analyses of cause-specific mortality indicated that the association was primarily due to an increased risk of death from congenital malformations, malignancies and external causes: these causes of death showed excess risks for advanced paternal age, though statistically insignificant. Also, an indication of an association between advanced paternal age and death from unknown causes including SIDS was found; however, not among the oldest fathers (45+ years).
No relation between paternal age and risk of under-five mortality was found for any of the other death cause categories analyzed. Congenital malformations as well as malignancies are known to be associated with point mutations (Wilkie et al., 1994; Vogelstein and Kinzler, 2004; Stratton et al., 2009) , and because the number of point mutations in the sperm increases with increasing paternal age (Crow, 2003) , we find it plausible that the findings of an adverse effect of increasing paternal age in these two groups are causal and not due to chance. The finding of an association between external causes and advanced paternal age, and to some extent also unknown causes including SIDS, might indicate that behavioral factors related to paternal age are mediating the association; however, the findings might also indicate a susceptibility, for example due to impaired development, possibly due to point mutations. These findings do, however, deserve further attention.
The size of this register-based cohort study allowed us to investigate the relation between the relatively rare exposure (advanced paternal age) and the fortunately rare outcome (under-five mortality). The quality of the registers varies, but it is generally accepted that the information recorded is of high quality (Pedersen, 2011) .
Because all Danish citizens are included in the registers, selection bias is unlikely to influence the results. For those omitted from the analyses based on missing information on covariates, the paternal age distribution did not differ significantly from that of the included children; however, the proportion of the youngest fathers (,25 years) and oldest fathers (.45 years) was a little larger compared with the proportion among the children included in the study.
The primary outcome measure, under-five mortality, is not likely to be misclassified. In contrast, determination of the main cause of death is not completely reliable and the diagnoses may be misclassified (HelwegLarsen, 2011) . However, we find it unlikely that such a misclassification should be related to paternal age and a possible misclassification is therefore non-differential and, as such, should not result in any overestimation of the association.
In order to minimize confounding, we adjusted for maternal age, maternal parity, maternal and paternal educational level and the child's year of birth.
Previous studies found associations between maternal age and perinatal mortality (Schoen and Rosen, 2009) and, moreover, studies have shown association between maternal age and adverse reproductive outcomes (Lansac, 1995; Jyothy et al., 2001; Kazaura and Lie, 2002; Jung et al., 2003; Nybo Andersen et al., 2004; Kuhnert and Nieschlag, 2004) . Hence, maternal age was a plausible confounder in this study as maternal age is also related to paternal age. Surprisingly, we found no association between maternal age categorized in five age groups and under-five all-cause mortality. To minimize possible residual confounding, an additional analysis was performed controlling for maternal age in 1-year categories. This did not affect the risk estimates appreciably and therefore we do not consider residual confounding by maternal age to be responsible for the associations found. This is consistent with the results of tests for residual confounding performed in a similar study by Nybo .
Maternal parity is a known predictor for adverse reproductive outcomes and thus potentially a risk factor for under-five mortality (Zhan et al., 1991) . Maternal parity affects the age of both the mother and the father and was included as a covariate in the analyses accordingly.
Parental educational levels were used as measurement of parental socio-economic position. Of such measures, educational level has most consistently been shown to influence health status, also in infant and child mortality (Arntzen and Nybo Andersen, 2004; Arntzen et al., 2008; Gissler et al., 2009) . It did, however, not affect the estimates of the advanced paternal age and offspring mortality association considerably.
Although we have no hard evidence of the size of the phenomenon, it has been suggested repeatedly that the association could be biased by the fact that some men of advanced age get married to younger women from more deprived countries and subsequently have children. A re-analysis restricted to children born to Danish mothers showed the same results as presented in Table III , and hence we do not believe the association to be a result of such bias. In only 1.4% of the children it was not possible to identify the age of the father. Though infrequent, missing information on paternal age was associated with under-five mortality. Since we did not expect the number of missing data to vary with paternal age, we did not expect this to be a source of bias; however, for the children lacking information on paternal age, the proportion of mothers aged ,25 and .40 years, respectively, as well as mothers with a basic educational level, and nulliparous mothers was somewhat higher than among the children with paternal age information.
In some cases, the biological father may differ from the father registered, for example due to some pregnancies being the result of donor insemination with or without medical assistance. We have no data to identify these pregnancies. Such a misclassification will introduce bias if the children with misclassified fathers are more likely to die before the age of 5 years and the misclassification is dependent on paternal age. While we cannot rule out this possibility, we do not find it to be very likely.
We have previously found an association between advanced paternal age and fetal death (Nybo . Another study found association between neonatal-and post-neonatal mortality and young paternal age, whereas no association was found with advanced paternal age (Chen et al., 2008) . In contrast, such an association was found in this study, yet the results are in accordance with the results of Chen et al., (2008) as we found that the effect of advanced paternal age was more significant among the 1-5 year olds than among the infants.
In 2008, Zhu et al. published a study showing an association between advanced paternal age and child death (0-18 years) due to congenital malformations and injury/poisoning. Our results are supportive of the results from this study, as the association with congenital malformations and injury/poisoning (external causes) is suggested in both studies. Also, the association between young paternal age (,25 years) and deaths due to external causes, found in the present study, is not unexpected, as a similar association was found in the study by Zhu et al., (2008) . This finding does, however, deserve further attention as the excess morbidity from injuries and other external causes might constitute a substantial public health problem.
Because of too few cases, we did not investigate a possible association between paternal age and specific malignancies. An increased cancer risk with paternal age has previously been demonstrated (Yip et al., 2006) ; however, others have failed to show such an association after adjustment for maternal age (Johnson et al., 2009) . Fortunately, the prognosis of childhood cancers has improved substantially in recent decades, providing power problems in a study of mortality like this.
Although the proportion of fathers having a child at the age of 40+ years is rising, they still comprise a small share of all Danish fathers (Table I) . Since the overall risk of under-five mortality is also low, we are not dealing with a major public health issue. However, the burden of mortality may very well represent just the tip of the iceberg, given that the burden of morbidity could possibly constitute a considerable public health issue, as the survival has improved substantially for many childhood cancers and congenital malformations. The association found in the present study needs further attention as it can provide valuable knowledge of the etiology of genetic diseases. Also, the association could become of greater importance in the future if the proportion of fathers aged 40+ years keeps growing.
